Background: We assessed human papillomavirus (HPV) seroconversion following anal and penile HPV infection in HIV-negative and HIV-infected men who have sex with men (MSM).
Introduction
Infection with a human papillomavirus (HPV) is one of the most common sexually transmitted infections, and persistent infection with certain high-risk types is the cause of many cancers worldwide (1) . Most HPV infections are transient and are cleared by the human immune system within 1 or 2 years (1-3). Cellular immunity plays a major role in the clearance of HPV infection (4) .
Humoral immune responses following natural HPV infection of the anogenital tract are not always observed: approximately 40% to 60% of women and probably a lower proportion of men develop type-specific antibodies (5) (6) (7) (8) (9) . If seroconversion does occur, antibodies against HPV capsids may persist for years, and are therefore reflective not only of recent, but lifetime HPV exposure (5, 8, 10) . HPV seropositivity has been associated with both virus-related (e.g., regarding persistence of infection, viral load, and viral type) and host-related factors (e.g., increasing age, HIV-induced immunosuppression, anatomic site of infection, and sexual risk behavior; refs. 7, 9, 11, 12) . The very high antibody concentrations observed after HPV vaccination confer protection against incident HPV infection (13, 14) , but to what extent naturally induced antibodies also confer protection is still a matter of debate (9) .
Longitudinal studies analyzing HPV seroconversion following HPV infection are scarce, in particular in men and in HIV-infected individuals. More insight into the associations between HPV infection at various anatomic sites, HIV infection, and seroresponse is crucial to interpret results from serosurveillance, which can, for example, be used to monitor HPV prevention strategies. As men who have sex with men (MSM), and especially HIVinfected MSM, are at increased risk for HPV infection (15) and HPV-related diseases (16, 17) , understanding these issues among MSM is important. In this study, we aimed to assess type-specific HPV seroconversion following anal and penile HPV infection in HIV-negative and HIVinfected MSM.
Materials and Methods

Study population
HIV-negative and HIV-infected MSM were recruited into the HIV & HPV in MSM (H2M) study from July 2010 to July 2011 at three study sites in Amsterdam, the Netherlands: the Amsterdam Cohort Study (ACS) among MSM (18) , an outpatient infectious disease clinic (Jan van Goyen Medical Center), and the Amsterdam Sexually Transmitted Infection (STI) clinic (19) . Inclusion criteria were having had sex with men, being 18 years or older, and speaking English or Dutch. All participants provided written informed consent before participation. The study was approved by the Medical Ethics Committee of the Academic Medical Center (AMC) Amsterdam (Amsterdam, the Netherlands).
Data collection
At enrollment, participants completed an extensive, self-administered questionnaire regarding sociodemographic characteristics, health-related issues, and sexual behavior. Venous blood was drawn for analyses of HPV antibodies. Participants were instructed to self-swab their anus and penile shaft using 2 separate swabs (regular flocked swab with 1 mL UTM medium, Copan) for HPV DNA analyses, as previously described (20) . HIV-related data (e.g., CD4 cell count and HIV viral load) were obtained from the national HIV patient database of the Dutch Monitoring Foundation.
Participants were invited for follow-up every 3 to 6 months. During follow-up visits, swabs and blood samples were taken using the same method as during the baseline visit. Data described in this article are limited to 1-year follow-up: HPV DNA was analyzed in anal and penile self-swabs collected at baseline, 6 months, and 12 months, whereas HPV antibodies were analyzed in serum samples collected at baseline and at 12 months.
HPV serology
Serum samples were stored at À20 C and transported to the National Institute for Public Health and the Environment (RIVM, Bilthoven, the Netherlands), where samples were stored at À80 C until analysis. Serology was performed as described by Scherpenisse and colleagues (21) . HPV-specific serum antibodies against L1 virus-like particles (VLP) for 7 high-risk serotypes were measured using a VLP-based multiplex immunoassay (MIA). VLPs (kindly donated by GlaxoSmithKline Biologicals) from a single batch were coupled to fluorescent microspheres (Luminex corporation). Antibodies were analyzed using Bioplex software (Bio-Rad Laboratories) and median fluorescent intensity was converted to luminex units (LU) for each analyte. Cutoff values were determined based on sera from children (1-10 years) highly likely to be seronegative, using a one-sided 99% prediction interval method (22) . Cutoff values were determined at !9, !13, !27, !11, !19, !14, and !31 LU/mL for HPV types 16, 18, 31, 33, 45, 52, and 58, respectively.
HPV DNA detection
Swabs were stored at À20 C at the Public Health Service of Amsterdam. DNA from anal and penile samples was extracted using MagNA Pure LC Total Nucleic Acid Isolation Kit (Roche) and a 65 base pair region within L1 was amplified by the highly sensitive SPF 10 (20) .
Statistical analyses
All analyses were performed on an HPV type-specific level, meaning that we assessed HPV-16 antibodies in response to HPV-16 infection, HPV-18 antibodies in response to HPV-18 infection, and so on. Analyses were limited to the 7 high-risk HPV types that could be detected by both the serology and DNA genotyping methods used, i.e., types 16, 18, 31, 33, 45, 52 , and 58. Samples positive for one or more of these 7 HPV types were designated hrHPVpositive in this article; samples negative for all of these 7 high-risk types were categorized as hrHPV-negative.
To compare baseline characteristics between HIV-negative and HIV-infected MSM, c 2 tests were used for categorical data and rank sum tests for continuous data. Type-specific seroconversion was analyzed using logistic regression, as we had only one serology measurement after the baseline measurement, and there was little variation in follow-up time. Generalized estimating equations (24) with an exchangeable correlation structure were applied to account for multiple hrHPV infections within one person. Univariable and multivariable estimates were obtained with 95% confidence intervals (CI). Each analysis was stratified by HIV status.
Univariable analyses were adjusted for HPV type. For multivariable analyses, the following variables were selected a priori, based on literature and biologic plausibility: age, smoking, HPV type, and anal and penile hrHPV infection.
Parameters of sexual behavior were not included, as the exposure of interest was hrHPV infection and sexual behavior is a predecessor of HPV acquisition.
We observed that some cases of seroconversion involved only a slight increase in antibody concentration leading to passing the cutoff limit. As this could reflect normal fluctuation in antibody concentration, leading to misclassification, we analyzed the data in two ways based on two different definitions of seroconversion: (i) using the cutoff limit as defined by RIVM, and (ii) using the same cutoff limit plus the criterion that the 12-month antibody concentration must be at least twice the baseline concentration. The second definition is hereafter referred to as "stricter definition of seroconversion."
All statistical analyses were performed using Stata software package version 11.2 (Stata Intercooled).
Definitions of anal and penile HPV infection patterns
Anal hrHPV infection patterns were categorized as "no infection," "incidence," "persistence," "clearance," or "other." Incident infection was defined as a hrHPV-positive visit following a hrHPV-negative visit. Persistence was defined as positivity for the same hrHPV type at all three visits. Clearance was defined as a hrHPV-positive baseline visit, followed by two negative visits, in accordance with Giuliano and colleagues (3) . In all other cases, the anal infection was classified as "other." Penile hrHPV infection was, due to lower numbers, simplified as "no infection" or "infection at any time point" (see footnotes Table 1) .
Results
Study population
A total of 795 MSM were enrolled in the H2M study and complete baseline data were available for 756 MSM. For the current analyses, 112 MSM were excluded because of missing 12-month serology results, leaving 644 MSM who could be analyzed in this study. The 151 excluded MSM were significantly more often HIV-infected compared with the 644 included MSM (52% vs. 38%; P ¼ 0.002).
Of the 644 MSM, 245 (38%) were HIV infected. HIVinfected MSM were significantly older, with a median age of 47 years [interquartile range (IQR) 40-53] compared with 38 years (IQR 33-42) in HIV-negative MSM (P < 0.001). HIV-negative MSM were more likely to have been born in the Netherlands. HIV-infected MSM were more likely to be tobacco smokers and to have used cannabis or poppers in the preceding 6 months. They also had more lifetime and recent anal sex partners, and were more likely to have been fisted in the last 6 months. Their median CD4 cell count at enrollment was 540 cells/mm 3 (IQR 410-697); 87% used combination antiretroviral therapy. A detailed description of the study population has been published previously (20, 25) .
Anal and penile HPV infection patterns
In the 644 MSM, a total of 357 incident anal hrHPV infections were observed. A total of 143 of 417 (34%) infections present at baseline persisted, 129 of 417 (31%) of these baseline infections were cleared, and 145 of 417 (35%) of these infections were classified as "other" due to ambiguous patterns or missing 6-month data. In total, 327 anal infection patterns were classified as "other." At the penile shaft, we observed a total of 275 hrHPV infections at any time point (Table 1) .
HPV seroprevalence at baseline HPV seroprevalence at baseline was high, as reported previously (25): 60% of HIV-negative and 87% of HIVinfected MSM had antibodies against one or more of the hrHPV types tested. The HPV seroprevalence at baseline was significantly higher in HIV-infected compared with HIV-negative MSM for each HPV type; type-specific seroprevalence varied between 8% (HPV-31 in HIV-negative MSM) and 60% (HPV-16 in HIV-infected MSM).
HPV seroconversion at 12 months
Seroconversion against one or more of the hrHPV types was observed in 74 of 396 (19%) HIV-negative and 52 of 223 (23%) HIV-infected MSM at risk (P ¼ 0.2). In total, 119 and 95 seroconversions occurred in HIV-negative and HIV-infected MSM, respectively, as multiple seroconversions could occur per person. Seroconversion was more common in HIV-infected MSM, although this difference was only significant for HPV types 31, 52, and 58 (Table 2 ). The increase in antibody concentration in case of seroconversion was higher in HIV-infected MSM, but this was only significant for HPV-33 (Table 2) .
Using the stricter definition of seroconversion, we observed 92 seroconversions in 52 of 396 (13%) HIVnegative and 80 seroconversions in 40 of 223 (18%) HIV-infected MSM at risk (P ¼ 0.1). We observed a total of 391 seroreversions (i.e., seropositivity at baseline followed by seronegativity at 12 months; 30% of all typespecific seropositivities at baseline) in 240 MSM.
Univariable associations between HPV infection and seroconversion
In univariable analyses, an incident (OR 2.0; 95% CI, 1.1-3.4) or persistent (OR 3.7; 95% CI, 1.5-9.2) anal hrHPV infection was significantly associated with type-specific HPV seroconversion in HIV-negative MSM (Table 3 ). In HIV-infected MSM, anal infection was not significantly associated, but penile infection showed a positive, borderline significant association with type-specific seroconversion (OR 1.8; 95% CI, 1.0-3.2).
Multivariable associations between HPV infection and seroconversion
In multivariable analyses, both incident [adjusted OR (aOR) 2.0; 95% CI, 1.1-3.4] and persistent (aOR 3.7; 95% CI, 1.5-9.5) anal hrHPV infection was significantly associated with type-specific HPV seroconversion in HIVnegative MSM (Table 3 ). In HIV-infected MSM, anal infection was not significantly associated with seroconversion. Penile hrHPV infection was not associated with seroconversion in HIV-negative MSM, but showed a Table 1 . In sensitivity analyses using the stricter definition of seroconversion, similar associations were observed between anal and penile HPV infection and seroconversion, but now the association between penile hrHPV infection and seroconversion was significant in HIV-infected MSM (aOR 2.3; 95% CI, 1.2-4.3; Supplementary Table S1) .
When adding HIV viral load and CD4 cell count to the multivariable models of the HIV-infected group, similar results were obtained (Supplementary Table S2 ). Furthermore, when adding variables for multiple anal and multiple penile hrHPV infections (i.e., !2 hrHPV types) at baseline to the models, similar results were obtained (Supplementary Table S3 ).
Discussion
In this study, assessing the association between anal and penile HPV infection and humoral immune responses in MSM, we found that incident or persistent anal HPV infection was an independent determinant of seroconversion in HIV-negative MSM. In HIV-infected MSM, anal infection was not associated with seroconversion. In contrast, penile HPV infection was positively associated with seroconversion in HIV-infected MSM, although this Increase in antibody concentration (in IgG LU/mL) in case of seroconversion. c P values are based on c2 tests for difference in proportions of participants with seroconversions. NOTE: Seroconversion was defined as passing the cutoff limit (i.e., !9, !13, !27, ! association was only significant using a stricter definition of seroconversion. Generally, the cross-sectional correlation between detection of HPV DNA and type-specific antibodies is poor (9, 26) . However, recent data suggest that the anatomic site of HPV infection could influence seropositivity (12, 27, 28) ; mucosal (e.g., anal) infections might be more likely to elicit a humoral immune response than infections in keratinized epithelium (e.g., the penile shaft). In addition, it has been observed that persistent, rather than transient, HPV infection is associated with seroconversion (5, 9, 29) . Our data are in line with these hypotheses, as persistent anal HPV infection was the strongest independent determinant for seroconversion in HIV-negative MSM. This strong association, combined with the fact that a persistent HPV infection is a prerequisite for development of HPV-related cancer, supports the use of HPV serology in monitoring HPV infection on a population level.
The finding that anal HPV infection was associated with seroconversion only in HIV-negative and not HIVinfected MSM was surprising but may partly be explained by differences in sample size or selection bias. HIVinfected MSM who are prone to seroconvert may have done so in the past, especially given their high level of HPV infection and sexual risk behavior. Indeed, relatively more HIV-infected MSM were already HPV-seropositive at baseline and not at risk for seroconversion, leaving HIVinfected MSM who might be less prone to seroconvert. However, this does not explain the positive, albeit nonsignificant, association between penile HPV infection and seroconversion in HIV-infected, but not HIV-negative MSM. Possibly, a higher HPV viral load or increased HPV persistence of penile infection due to HIV-related changes in immunity might lead to an increased risk of seroconversion in HIV-infected MSM. In addition, differences in sexual practices between HIV-negative and HIV-infected MSM might play a role.
One of the major strengths of our study was the longitudinal design, allowing us to assess associations between both anal and penile HPV infection and type-specific seroconversion within 12 months. The inclusion of HIVnegative and HIV-infected MSM enabled us to compare both groups. The large number of included MSM, and the fact that 7 HPV types were analyzed simultaneously, increased the power of this study.
This study also had some limitations. First, exposure and outcome were measured over the same time period (e.g., persistent infection was based on HPV DNA status measured at 0, 6, and 12 months follow-up, and seroconversion was based on serology measured at 0 and 12 months). Therefore, a causal relationship cannot be demonstrated. Second, the number of penile HPV infections was relatively low compared with the number of anal infections, so we were not able to use the same detailed characterization of infection patterns. Third, in case of new HPV detection, it was impossible to distinguish between HPV acquisition and reactivation of latent infection (30) . Our study population was not HPV-na€ ve, and as a result a proportion of "incident" infections might actually have been reactivations of long-standing infections, diluting our results. Finally, there is no standardized serologic assay for detection of HPV antibodies (9, 31) . In a previous article, we compared 3 serologic assays, including the MIA used in the current study, and observed good correlations for both naturally induced and vaccine-derived HPV-specific antibody levels (32) . However, there is overlap in antibody concentrations detected by MIA between seronegatives and sera from naturally infected individuals, and crossreactivity between phylogenetically related HPV types is conceivable (21, 33) .
In conclusion, we found that an incident or persistent anal high-risk HPV infection was an independent determinant of type-specific HPV seroconversion in HIV-negative MSM. Our data support that seroresponse may vary per anatomic site, and that persistent infections are more likely to elicit a detectable humoral immune response. More research is needed to improve understanding of natural immunity against HPV, more specifically to what extent naturally induced antibodies contribute to protection against incident HPV infection. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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